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Arsenic and Selenium in Soils and Shallow Ground 
Water in the Turtle Lake, New Rockford, Harvey 
Pumping, Lincoln Valley, and LaMoure Irrigation 
Areas of the Garrison Diversion Unit, North Dakota

ByW.R. Berkas and B.C. Komor

Abstract

The Garrison Diversion Unit project was authorized as part of the Pick-Sloan Missouri River 
Basin program to divert water from Lake Sakakawea to irrigation areas in North Dakota. A 
special Garrison Commission was created to evaluate an environmental concern that return flow 
from the irrigation areas might contain metals in toxic concentrations. This report summarizes 
the results of detailed investigations of the Turtle Lake, New Rockford, Harvey Pumping, Lincoln 
Valley, and LaMoure irrigation areas. A total of 223 soil samples were collected from the 
irrigation areas and analyzed for elemental composition. Water extractions were done on 40 of 
the 223 soil samples using a 1:5 soil-to-water extraction method, and the solution from the 
extraction was analyzed for elemental composition. A total of 52 ground-water samples were 
collected and analyzed for inorganic constituents and organic carbon.

Average arsenic concentrations in the entire soil column ranged from 1.0 milligram per 
kilogram in the Harvey Pumping irrigation area to 70 milligrams per kilogram in the New 
Rockford irrigation area. Average selenium concentrations ranged from less than 0.1 milligram 
per kilogram in the Turtle Lake, New Rockford, Harvey Pumping, and Lincoln Valley irrigation 
areas to 6.0 milligrams per kilogram in the Turtle Lake irrigation area. In the Turtle Lake 
irrigation area, average arsenic and selenium concentrations generally increased with depth 
through the topsoil, oxidized soil, and transition soil but decreased in the reduced soil at the 
bottom of the sampled horizons. Average arsenic concentrations in the New Rockford irrigation 
area follow the same pattern as in the Turtle Lake irrigation area, but selenium concentrations do 
not show a clear pattern of variation with depth. In the Harvey Pumping and Lincoln Valley 
irrigation areas, arsenic and selenium concentrations do not appear to vary systematically with 
depth. No correlation is shown between the concentrations in soils and soil extracts, indicating 
that, based on conditions of laboratory soil-water extraction experiments, trace-element 
concentrations in soils are not good predictors of trace-element concentrations in irrigation 
return flow.

Arsenic concentrations in the aquifers ranged from less than 1 microgram per liter to 
27 micrograms per liter. Arsenic concentrations generally were larger in the deep part of the 
aquifers underlying the Turtle Lake and New Rockford irrigation areas than in the shallow part 
of the aquifers. In the shallow part of the aquifers, where oxidizing conditions prevail, arsenic is 
strongly adsorbed to soil particles. In the deep part of the aquifers, where reducing conditions 
prevail, arsenic is more mobile.
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Selenium concentrations in the aquifers ranged from less than 1 microgram per liter to 
4 micrograms per liter. Little difference existed between the selenium concentrations in the 
shallow part of the aquifers underlying the irrigation areas and the concentrations in the deep 
part of the aquifers.

INTRODUCTION

The Garrison Diversion Unit (GDU) project was authorized by Congress in 1944 as part of the Pick- 
Sloan Missouri River Basin program (Public Law 78-534). The purpose of the GDU project is to divert 
Missouri River water from Lake Sakakawea to areas in east-cehtral and southeastern North Dakota for 
agricultural, environmental, industrial, municipal, and recreational uses. In 1984, Congress passed 
legislation (Public Law 98-360, section 207) that recognized that the GDU project raised significant issues 
of environmental, economic, and international concern. In order to evaluate these concerns and to advise 
Congress about future development of the project, a special Garrison Commission was created. One of the 
Commission's recommendations was that irrigation lands be surveyed to identify "...soil characteristics 
which might result in toxic or hazardous irrigation return flows."

In recent studies of irrigated lands in the western United States, problems were identified in areas 
where soils are underlain by and derived from marine sediments (Gilliom and others, 1989). The marine 
sediments contain natural accumulations of potentially toxic elements, such as selenium. Under conditions 
of intense leaching followed by evaporation, the elements can concentrate in soils and potentially create 
a hazard for wildlife. Such problems were identified in the western San Joaquin Valley of California 
(Ohlendorf and others, 1986; Fujii and others, 1988), the Midd.e Green River Basin in Utah (Stephens and 
others, 1988; Peltz and Waddell, 1991), and the Kendrick Reclimation project area in Wyoming (Peterson 
and others, 1988; See and others, 1991). Concern has arisen that similar problems could develop in 
irrigated areas in the GDU because the irrigation areas of the GDU are underlain by material derived from 
marine sediments and evaporation is greater than precipitation.

The U.S. Geological Survey, in cooperation with the Bureau of Reclamation, investigated the 
occurrence and distribution of trace elements in soils and ground water in areas that may receive irrigation 
return flow from the GDU (Goolsby and others, 1989). The major goal of the investigation was to 
determine the total and water-extractable concentrations of arsenic and selenium in the soils and the 
dissolved concentrations of these elements in the ground water. An additional goal was to evaluate the 
potential for arsenic and selenium mobilization because of irrigation with water from the GDU. In the 
reconnaissance phase of the investigation, samples were collected from the Turtle Lake, New Rockford, 
Lincoln Valley, Harvey Pumping, LaMoure, and West Oakes irrigation areas. In the detailed phase of the 
investigation, trace-element distributions in soils and shallow ground water in the West Oakes irrigation 
area were evaluated (Goolsby and others, 1989). Similar detailed investigations were to be conducted for 
the other five irrigation areas. Specific objectives of the detaikd investigations were to (1) determine the 
inorganic chemical composition of the soils and ground water, (2) determine the arsenic and selenium 
concentrations and distributions in the soils and ground water,| (3) evaluate whether the arsenic and 
selenium concentrations are large enough to threaten human health or wildlife, and (4) investigate the 
differences between arsenic and selenium concentrations in reduced parts of the aquifers and in oxidized 
parts of the aquifers underlying the irrigation areas.

The purpose of this report is to summarize the results of the detailed investigations of the Turtle Lake, 
New Rockford, Harvey Pumping, Lincoln Valley, and LaMoure irrigation areas. More discussion is 
presented for the Turtle Lake and New Rockford irrigation areas because more soil and water samples 
were collected in those areas than in the other three areas.



Description of Irrigation Areas

The five irrigation areas (fig. 1) encompass 56,500 acres (table 1). The largest irrigation area is the 
New Rockford area and the smallest is the Harvey Pumping area. The LaMoure irrigation area is fairly 
large but is made up of many small areas next to the James River.
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Figure 1. Location of irrigation areas of the Garrison Diversion Unit, North Dakota.



Table 1. Size of selected irrigation areas in the Garrison Diversion Unit

Size 
(acres)

Turtle Lake irrigation area 
New Rockford irrigation area 
Harvey Pumping irrigation area 
Lincoln Valley irrigation area 
LaMoure irrigation area

13,700
20,935
2,000
6,515
13,350

The irrigation areas have an interior dry continental climate. Summers tend to be hot, and winters 
tend to be cold and dry. For example, at Carrington, N. Dak., the mean annual temperature (1951-80) is 
38.7°F, the January mean is 3.9°F, and the July mean is 68.1°F (U.S. Department of Commerce, National 
Oceanic and Atmospheric Administration, Environmental Data and Information Service, 1982). 
Precipitation occurs mostly in the summer (fig. 2). The average annual precipitation (1951-80) is

N

Figure 2. Mean monthly precipitation at Carrington, North Dakota (1951-80). [Data from 
U.S. Department of Commerce, National Oceanic and Atmospheric Administration, 
Environmental Data and Information Service, 1982.] \

18.18 inches, and the average annual free-water-surface evaporation ranges from 28 to 30 inches 
(Farnsworth and others, 1982). A drought occurred in the irrigation areas from 1988 to 1992. Annual 
precipitation totals were 10.04 inches in 1988,18.17 inches in 1989, and 16.65 inches in 1990 (U.S. 
Department of Commerce, National Oceanic and Atmospheric Administration, Environmental Data 
Service, 1989-91). As a result of the drought, measured water levels in many of the wells in the five 
irrigation areas declined and some parts of the soils that were under reduced conditions became oxidized.



Glacial sediments overlie the bedrock in the irrigation areas. The bedrock consists of Cretaceous-age 
marine shales that typically have high arsenic and selenium concentrations. Shale chips are present in 
some places in the soils developed on the glacial sediments. Surficial aquifers occur in all of the glacial 
deposits in the irrigation areas.

The major depositional landforms in the irrigation areas are glaciated plains, outwash plains, alluvial 
plains, ground moraines, dead-ice moraines, and end moraines (Bluemle, 1965, 1971, 1981; Bluemle and 
others, 1967; fig. 3). The glaciated plains consist of a nonbedded mixture of clay, silt, and sand with some 
pebbles, cobbles, and boulders (glacial till) that was modified by running meltwater that washed the land 
surface in some areas and deposited sands and gravels in others. The outwash plains generally consist of 
stratified sands and gravels deposited by meltwater. The alluvial plains are glacial outwash that consists of 
poorly sorted sand and gravel generally deposited on stagnant ice and later collapsed when the underlying 
ice melted. The ground moraines, dead-ice moraines, and end moraines consist of till. Sufficient detail to 
show the landforms in which the Harvey Pumping, Lincoln Valley, and LaMoure irrigation areas are 
located is not given in figure 3. The Lincoln Valley irrigation area is within a glaciated plain, and the 
Turtle Lake, New Rockford, and Harvey Pumping irrigation areas are within outwash plains. The 
LaMoure irrigation area is made up of several small areas along the James River that are formed of 
alluvium from glacial meltwater.

The five irrigation areas are located close to the McQusky Canal, the New Rockford Canal, or the 
James River and contain soils that have drainage characteristics appropriate for overhead irrigation. 
Drainage lines are planned for the Turtle Lake, New Rockford, Harvey Pumping, and Lincoln Valley 
irrigation areas to maintain the water table at about 6 feet below land surface. Drainage lines are not 
planned for the LaMoure irrigation area because the nearby James River should provide adequate drainage 
for the sandy soils in that area.

Sample Collection and Analysis

Soil samples were collected from many sites in each irrigation area except the LaMoure area. The 
samples were collected by personnel from the U.S. Geological Survey and the Bureau of Reclamation 
and analyzed at the U.S. Geological Survey, Geologic Division, laboratory in Lakewood, Colo. Total 
concentrations of trace elements were measured, and soils that contained large concentrations of arsenic 
or selenium were analyzed further to determine water-extractable concentrations of trace elements.

Water samples were collected by personnel from the U.S. Geological Survey and analyzed at the U.S. 
Geological Survey, Water Resources Division, laboratory in Arvada, Colo. Where possible, samples were 
collected from the top and bottom of the surficial aquifers to evaluate vertical variations in water quality. 
Area! variations were evaluated by sampling water from several different parts of each aquifer.

Soil Samples

Soil samples were collected in continuous profiles from the land surface to glacial till. A 4-foot-long, 
4-inch-diameter soil tube was used to collect samples from the surface soils to a depth of 3 feet at most 
locations. Below 3 feet, samples were collected using a 6-inch continuous-flight spiral auger. The 
surface of the core material from the soil tube and from the auger flight was removed with a stainless- 
steel blade to eliminate possible contaminated material. The core material then was laid on epoxy-coated 
plywood boards, described, classified, separated into soil horizons, and photographed. For each soil 
horizon, a sample was collected from the interior of the core, placed in a plastic bag, and shipped to the 
U.S. Geological Survey, Geologic Division, laboratory in Lakewood, Colo., for processing.
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A total of 223 soil samples were submitted for total elemental analysis. The samples were analyzed 
using a combination of inductively-coupled argon plasma/optical emission spectroscopy (ICAP/OES), 
hydride generation/atomic absorption spectroscopy (HG/AAS), and cold vapor/atomic absorption 
spectroscopy (CV/AAS). Details for all procedures are given in Baedecker (1987) and Goolsby and others 
(1989). The constituents analyzed for, the methods of analysis, and the minimum reporting levels are 
given in supplement 1.

Of the 223 soil samples, soil water from 40 samples was analyzed using a 1:5 soil-to-water extraction 
method. A representative 5-gram aliquot of soil was weighed at the laboratory and combined with 
25 milliliters of deionized water in a 3-ounce polyethylene bottle. The solution from the extraction was 
analyzed using ICAP/OES and HG/AAS. Details for all procedures are given in Baedecker (1987) and 
Goolsby and others (1989). The constituents analyzed for, the methods of analysis, and the minimum 
reporting levels are given in supplement 2.

Water Samples

Water samples were collected from observation wells in the five irrigation areas and one sample was 
collected from a drain in the New Rockford area. All wells were constructed of 2-inch-diameter polyvinyl 
chloride (PVC) pipe and had about 2 feet of 10-slot screen at the bottom. The casing joints were glued. 
All wells constructed before July 1989 had well screens at the bottom of the aquifer. The annular area 
around each well stem was filled with pea-sized gravel from a local source, and a bentonite seal was placed 
1 to 2 feet below land surface.

An additional well was placed next to an existing well if the water table was greater than 3 feet above 
the top of the well screen. The bottom of the new well screen was placed 3 feet below the water table. The 
annular area around the well stem was filled with silica sand to 1 foot above the top of the well screen. 
Material from the hole was used to fill the annular area to within 3 feet of the land surface, and bentonite 
was used to seal the remaining area. The new wells were given a new identification number that consisted 
of adding the letter A or B to the existing well's number.

The wells were purged with a pitcher pump 1 day before sampling. At least three volumes of the 
water standing in the well casing was removed to insure that water samples from the well reflected the 
composition of water in the surrounding aquifer.

A bladder pump was used to collect water samples from most wells. When the depth to water in the 
well was less than 2 feet, a peristaltic pump was used. The bladder in the bladder pump was made of 
Teflon, and the discharge hose was made of neoprene. The hoses on the peristaltic pump were made of 
Tygon. The discharge hoses from the pumps were connected to a flowthrough chamber where specific 
conductance, pH, temperature, and dissolved oxygen were measured at 15-minute intervals. After these 
parameters stabilized, aliquots of water were collected for field and laboratory analyses.

Specific-conductance, pH, temperature, and dissolved oxygen were measured by meters attached to 
probes in the flowthrough chamber. If the dissolved-oxygen concentrations were less than 0.8 milligram 
per liter, the water was analyzed for dissolved oxygen with a Hach spectrophotometer using an AccuVac 
ampoule and the indigo carmine method (Hach Company, 1988). The water was analyzed for sulfide with 
a Hach spectrophotometer using an AccuVac ampoule and the methylene blue method and for ferrous iron 
using an AccuVac ampoule and the 1,10 phenanthroline method (Hach Company, 1988). Field alkalinity 
was determined using incremental titration with sulfuric acid.



After field parameters were measured, a 250-milliliter polyethylene bottle was filled with water for 
laboratory determinations of specific conductance, pH, alkalinity, and dissolved solids. Laboratory 
determinations of specific conductance, pH, and alkalinity were requested as a check on the field 
measurements. Next, a stainless-steel filtering apparatus that} had a 0.45-micrometer silver-membrane 
filter was filled with water. The water was forced through the filter with nitrogen gas and directed into a 
125-milliliter baked-glass bottle. This water sample was chilled to 4°C and preserved for determination of 
dissolved organic carbon concentrations. !

A 0.45-micrometer plate filter that was flushed with about 1 liter of water was used to collect the 
remaining samples. Water was collected in 250-milliliter polyethylene bottles for determination of 
anion concentrations and 500-milliliter acid-rinsed polyethylene bottles for determination of cation and 
trace-element concentrations. The samples collected for determination of cation and trace-element 
concentrations were preserved with 2 milliliters of nitric acid. Next, water was collected in 250-milliliter 
acid-rinsed glass bottles and preserved with 10 milliliters of a nitric acid and potassium dichromate 
solution for determination of dissolved mercury concentrations. Finally, water was collected in 250- 
milliliter brown polyethylene bottles, preserved with 1 millil ter of a mercuric chloride solution, and 
chilled to 4°C for determination of nutrient concentrations.

A total of 52 water samples were collected from the five irrigation areas. The samples were analyzed 
for nutrients and organic carbon within 10 days of sample collection and for common ions and trace 
elements within 4 months of sample collection. The constituents analyzed for, the methods of analysis, 
and the minimum reporting levels are given in supplement 3j Procedures for each method are given in 
Wershaw and others (1987) and Fishman and Friedman (1989).

Quality Assurance

A few of the samples were split before being sent to the laboratory in order to obtain two analyses of 
the same sample. Results for the split samples then were compared to determine the amount of possible 
error that could result from sampling, site location, and analytical procedures. A total of three soil samples 
were selected at random, split, and analyzed using a 1:5 soiHo-water extraction method. The maximum 
differences between the paired soil samples are given in table 2. A total of five water samples were 
selected at random, split, and analyzed. The maximum differences between the paired water samples are 
given in table 3.

Differences between paired samples are given in tables 2 and 3 as actual values or as rounding units. 
Actual values are given when samples cover a range that has the same rounding. Rounding units are given 
when samples cover a range where the rounding changes. For example, the dissolved sodium pairs from
ground water (table 3) ranged from 8.3 to 44 milligrams per
to the nearest 0.1 unit, and values between 10 and 99 are rounded to the nearest 1 unit. A difference of 
1 milligram per liter will cover the degree of significance for values between 1.0 and 9.9; thus, rounding 
units are reported.

iter. Values between 1.0 and 9.9 are rounded

Most of the differences between the paired soil samples 
by a maximum difference of zero. This means that errors res

are within one rounding unit, as indicated 
lulting from sampling, site location, and

analytical procedures probably had little effect on the reported concentration. Other maximum differences 
were at or greater than one rounding unit. For example, the maximum difference between the selenium 
concentrations for the paired samples was one, meaning that the true selenium concentration may not be 
the concentration reported but that the concentration should be within 1 microgram per kilogram.



Table 2. Maximum difference between paired extracts from a 1:5 soil-to-water extraction conducted on soil samples 
collected from irrigation areas of the Garrison Diversion Unit

[mg/kg, milligrams per kilogram; <, less than; Jig/kg, micrograms per kilogram]

Constituent

Aluminum (mg/kg)
Antimony (mg/kg)
Arsenic (p.g/kg)
Barium (mg/kg)
Beryllium (mg/kg)

Bismuth (mg/kg)
Boron (mg/kg)
Cadmium (mg/kg)
Calcium (mg/kg)
Cerium (mg/kg)

Chromium (mg/kg)
Cobalt (mg/kg)
Copper (mg/kg)
Iron (mg/kg)
Lanthanum (mg/kg)

Lead (mg/kg)
Lithium (mg/kg)
Magnesium (mg/kg)
Manganese (mg/kg)
Molybdenum (mg/kg)

Nickel (mg/kg)
Phosphorus (mg/kg)
Potassium (mg/kg)
Selenium (u.g/kg)
Silicon (mg/kg)

Silver (mg/kg)
Sodium (mg/kg)
Strontium (mg/kg)
Thorium (mg/kg)
Tin (mg/kg)

Titanium (mg/kg)
Vanadium (mg/kg)
Wolfram (mg/kg)
Yttrium (mg/kg)
Zinc (mg/kg)

Zirconium (mg/kg)

Maximum difference 
between paired samples

3
0
0
0.2
0

0
0
0

32
0

0
0
0.2
5
0

0
0.1

One rounding unit
0
0

0
0

10
1

24

0
One rounding unit
One rounding unit

0
0

0
0
0
0
0

0

Range of 
concentrations

<5tolO
<0.5

<10
<0.1 to 0.4

<0.1

<1
<0.5 to 0.7

<0.2
50 to 670

<0.4

<0.1
<0.1

<0.1 to 0.2
<5tolO

<0.2

<0.4
<0.2 to 0.5
10 to 340
<0.4 to 2

<0.2 to 0.2

<0.2
<5

10 to 84
Ito75

30 to 99

<0.2
6 to 210
<0.2 to 5

<0.4
<0.5

<5
<0.2
<0.5
<0.2
<0.2

<0.2



Table 3. Maximum difference between paired ground-water samples collected from irrigation areas of the Garrison 
Diversion Unit

[mg/L, milligrams per liter, <, less than; ug/L, micrograms per liter]

Constituent

Calcium, dissolved (mg/L) 
Magnesium, dissolved (mg/L) 
Sodium, dissolved (mg/L) 
Potassium, dissolved (mg/L) 
Sulfate, dissolved (mg/L as SO4)

Chloride, dissolved (mg/L) 
Fluoride, dissolved (mg/L) 
Silica, dissolved (mg/L as SiO2) 
Nitrite, dissolved (mg/L as N) 
Nitrite plus nitrate, dissolved (mg/L as N)

Ammonia, dissolved (mg/L as N) 
Orthophosphorus, dissolved (mg/L as P) 
Arsenic, dissolved (u.g/L) 
Boron, dissolved (jig/L) 
Iron, dissolved (u.g/L as Fe)

Lithium, dissolved (jig/L) 
Manganese, dissolved (u.g/L) 
Mercury, dissolved (u,g/L) 
Molybdenum, dissolved (jig/L) 
Selenium, dissolved (u.g/L)

Strontium, dissolved (jig/L) 
Organic carbon, dissolved (mg/L)

Maximum difference 
between paired Samples

Two founding units 
1 

Three rounding units 
Six rounding units 

Two rounding units

Six rounding units 
One rounding unit 

0 
0.004 

Six rounding units

0.01 
0 
1 

10 
Two rounding units

1 
One rounding unit 

0 
1 ; 
1

10 
0.1

Range of 
concentrations

60 to 190 
30 to 55 
8.3 to 44 
1.8 to 13 
30 to 480

4.0 to 18 
<0.1to3 
20 to 30 

0.002 to 0.012 
0.04 to 18

<0.01 to 0.16 
<0.01 

<1 to 6 
60 to 140 

<3 to 5,900

17 to 34 
1 to 2,000 

<0.1 
<ltol 
<lto3

170 to 460 
1.6 to 3.1

Most of the differences between the paired water samples 
means that errors resulting from sampling, site location, and 
concentration.

are greater than one rounding unit. This 
analytical procedures affected the reported

GEOCHEMISTRY OF ARSENIC AND SELENIUM

Arsenic and selenium are of primary concern in this stud) 
soils in the GDU contain large concentrations of arsenic or se 
activities might mobilize and concentrate the elements. The 
arsenic and selenium was taken from Welch and others (1988

Arsenic toxicity, ranked in order from greatest to least, is
arsine compounds, arsenites (+3) and oxides (+3), arsenates (n-5), arsonium metals (+1), and native 
arsenic (0). Arsenic in ground water generally is present as an oxyanion-arsenate (HnAsO43"n ), arsenite

3-n(HnAsO3 n), or both. The dominant aqueous species, under

because of potentially toxic effects. If 
enium, the planned irrigation and drainage 

following discussion of the geochemistry of 
and Jacobs (1989).

as follows: arsine (valence -3), organo-

f arying pH and redox conditions at
equilibrium, are shown in figure 4. In oxidizing soil and aquatic environments, arsenic is strongly 
adsorbed on hydrous oxides and hydroxides of iron, particularly goethite. In environments having redox 
potentials low enough to reduce iron to the ferrous form, arsenic can be released from the iron minerals 
and become mobile.
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Figure 4. Fields of stability for forms of arsenic as a function of 
Eh and pH. [Modified from Welch and others, 1988.]

The maximum contaminant level for arsenic in drinking water is 50 micrograms per liter (North 
Dakota Department of Health, 1994). Arsenic toxicity to freshwater aquatic life varies with the arsenic 
species. The chronic criterion for arsenic in the +3 valence (arsenites and oxides) is 190 micrograms per 
liter, and the chronic criterion for arsenic in the +5 valence (arsenate) is 48 micrograms per liter (U.S. 
Environmental Protection Agency, 1986).

Selenium can exist in oxidation states of -2,0, +4, and +6 (fig. 5). Selenides (oxidation state -2, 
as in Se"2) and elemental selenium (oxidation state 0, as in Se°) are stable in reducing environments. 
Selenites (oxidation state +4, as in SeO3 ~2 ) occur in mildly oxidizing environments. Selenates (oxidation 
state +6, as in SeO4~2) occur in alkaline strongly oxidizing environments. Selenides and elemental 
selenium are virtually insoluble in water and, therefore, are immobile. Selenites are relatively soluble but 
are strongly adsorbed on goethite and other iron oxides. Thus, in the presence of iron oxides, selenites are 
relatively immobile. However, other oxyanions, such as phosphate, can replace selenites on iron oxides, 
thereby mobilizing the selenites. Selenates are quite soluble and mobile in soils and aquatic environments. 
Theoretically, between pH 7 and 8, selenates would predominate only at oxidation potentials (Eh) larger 
than about 0.4 volt.
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Figure 5. Fields of stability for forms of selenium as a function of 
Eh and pH. [Modified from McNeal and Balestrieri, 1989.]

The maximum contaminant level for selenium in drinking 
Dakota Department of Health, 1994). The chronic criterion fo 
per liter (U.S. Environmental Protection Agency, 1986).

water is 50 micrograms per liter (North 
  freshwater aquatic life is 35 micrograms

The mobility of arsenic and selenium is dependent upon the oxidation state of arsenic and selenium 
compounds. Reduced arsenic species are more mobile than oxidized arsenic species, but oxidized 
selenium species are more mobile than reduced selenium species. Oxidized compounds occur when 
oxygen is present. In soils, oxidized conditions occur when the! soil is not saturated with water or when the 
soil is saturated with water and the dissolved-oxygen concentration is measurable (usually greater than 
1 milligram per liter). Reduced conditions occur when the soil is saturated with water and the dissolved- 
oxygen concentration is not measurable.

12



ARSENIC AND SELENIUM IN SOILS AND SHALLOW GROUND WATER

Turtle Lake Irrigation Area

Hydrogeologic sections of the aquifer underlying the Turtle Lake irrigation area (figs. 6 and 7) were 
determined from borehole logs of observation wells in the irrigation area. The altitude of the water table in 
the Turtle Lake irrigation area on August 20-21,1990, is shown in figure 8.

EXPLANATION 

Loamy sand to loam

Coarse sand and gravel to 
coarse sand

Till

- 1,810

800 1

Lithologic contact-Dashed 
where inferred

Water level measured 
August 21,1990

Well

Identification number

Total depth

1/4 
I

1/2 MILE

VERTICAL SCALE GREATLY EXAGGERATED 
DATUM IS SEA LEVEL

Figure 6. Hydrogeologic section A-A' through the Turtle Lake irrigation area. [Trace of section shown in figure 8.]

Soil Chemistry

Soil samples were collected from 16 sites adjacent to observation wells in the Turtle Lake irrigation 
area. Chemical analyses of the soils are given in supplement 4 by order of increasing depth at each 
location and in supplement 5 by soil series and soil horizon. Soil horizons were defined, in order of 
increasing depth, as the topsoil, the oxidized soil, the transition soil between the oxidized and reduced 
soils, and the reduced soil. Topsoils were black and within 3 feet of the land surface; oxidized soils were 
tan and dry and occurred above the water table; transition soils were mottled tan, red, and black and 
occurred near the water table; and reduced soils were black, wet, and sometimes had a rotten-egg smell. 
The soils were categorized by the Bureau of Reclamation (Kurt Webber, written commun., 1990).

Arsenic concentrations ranged from 2.4 to 54 milligrams per kilogram, and selenium concentrations 
ranged from less than 0.1 to 6.0 milligrams per kilogram. Average arsenic and selenium concentrations in 
the entire soil column are plotted in figure 9. No area! pattern is apparent for large average arsenic 
concentrations. Average selenium concentrations generally were smallest in the northern part of the 
irrigation area.
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1,840  

1,830  

1,820  

1,810

1,830

1,820

1,810

1/2 
I

1 MILE

VERTICAL SCALE GREATLY EXAGGERATED 
DATUM IS SEA LEVEL

1

EXPLANATION 

Loamy sand to loam

Coarse sand and gravel to 
very fine sand

Till

Lithologic contact-Dashed 
where inferred

Water level measured 
August 20 to 27,1990

Well

Identification number

Total depth

Figure 7. Hydrogeologic section B-B' through the Turtle Lake irrigation area. [Trace of section shown in figure 8.]

Analysis of variance was used to evaluate chemical variability of soils in the Turtle Lake irrigation 
area (supplement 6). Because the concentrations were not normally distributed, an analysis of variance 
was done on ranked soils data. A total of three null hypotheses were tested for each chemical constituent. 
In null hypothesis A, the median constituent concentrations in ^ach soil horizon are equal; in null 
hypothesis B, the median constituent concentrations in each soi|l series are equal; and in null hypothesis C, 
the median constituent concentrations in each soil horizon within each soil series are equal. The null 
hypotheses were accepted at the 0.05 probability level. All three null hypotheses were rejected for arsenic, 
indicating that arsenic concentrations vary among soil horizons and soil series and also among soil 
horizons within each soil series. For selenium, null hypothesis A was rejected but null hypotheses B and C 
were accepted, indicating that selenium concentrations vary among soil horizons but not among soil series 
or among soil horizons within each soil series.

Average arsenic, iron, manganese, and selenium concentrations are given in table 4 for each of the 
denned soil horizons. Iron and manganese are sensitive to reduction-oxidation (redox) conditions and 
their behavior should be similar to that of arsenic and opposite that of selenium. Average arsenic and 
selenium concentrations generally increase with depth through ihe topsoil, oxidized soil, and transition soil 
but decrease in the reduced soil at the bottom of the sampled horizons. Iron and manganese concentrations 
have the same general pattern, possibly because redox-sensitive constituents in shallow parts of the aquifer 
were leached downward by percolating water. Although the constituents would be strongly adsorbed onto 
soil particles in shallow oxidized parts of the soil horizon, net rnovement of the constituents downward 
through the soil column probably occurs over time. The constituents are relatively soluble in the deep 
reduced part of the aquifer and, therefore, partition into the poip water, leaving smaller concentrations in 
the soil. |

The average arsenic concentration in 19 soil extracts was ll3 micrograms per kilogram, and the 
maximum was 37 micrograms per kilogram (supplement 7). The extracts contained an average of 
0.2 percent of the total arsenic in the soil. The average selenium concentration in 19 soil extracts was

14
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EXPLANATION 

Turtle Lake irrigation area
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Figure 8. Altitude of water table in the Turtle Lake irrigation area, August 20-21,1990.
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Figure 9. Average arsenic and selenium concentrations in soils from the Turtle Lake irrigation area, 1990.
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16 micrograms per kilogram, and the maximum was 55 micrograms per kilogram. The extracts contained 
an average of 1.8 percent of the total selenium in the soil. Arsenic and selenium concentrations in soils 
were compared to arsenic and selenium concentrations in soil extracts (fig. 10). No correlation is shown

60

CD 
O
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Q_ 
CO

040

O

\2 30 
O

fc 
LU

O 20
CO

o

LU 
O

o 
o

10

  Arsenic 
o Selenium

0 5 10 15 20 25 30 

CONCENTRATION IN SOILS, IN MILLIGRAMS PER KILOGRAM

Figure 10. Arsenic and selenium concentrations in soils and soil extracts from the 
Turtle Lake irrigation area.

between the concentrations in soils and the concentrations in extracts, indicating that, based on conditions 
of laboratory soil-water extraction experiments, trace-element concentrations in soils are not good 
predictors of trace-element concentrations in irrigation return flow.

Water Chemistry

Water samples were collected from near the water table (the shallow part of the aquifer) and from the 
bottom of the aquifer (the deep part of the aquifer). Where the water table was within 3 feet of the bottom 
of the aquifer, samples were collected only from the bottom of the aquifer. Chemical analyses for both the 
shallow and deep parts of the aquifer are given in supplement 8. A statistical summary of data for the 
shallow wells is given in table 5, and a statistical summary of data for the deep wells is given in table 6. 
If constituent concentrations were less than the minimum reporting level, a log-probability regression was 
used to estimate the mean concentration (Helsel and Conn, 1988).
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Water in the aquifer underlying the Turtle Lake irrigation area is fresh (less than 1,000 milligrams 
per liter of dissolved solids) and slightly alkaline. The major-ion composition of water from 15 shallow 
and deep wells sampled in September 1990 is shown in figure 11. The cations-calcium, magnesium, and

100 8060 40 20 00 20 40 60

CALCIUM CHLORIDE

Cations PERCENT, IN MILLIEQUIVALENTS PER LITER Anions

Figure 11. Major-ion composition of water in the aquifer underlying the Turtle Lake 
irrigation area.

100

sodium plus potassium-are plotted as percentages of the total cation concentrations, and the anions-- 
bicarbonate plus carbonate, chloride, and sulfate--are plotted as percentages of the total anion 
concentrations. Calcium and bicarbonate were the predominant ions in most of the samples. Generally, 
as the total ion concentration increased, the major-ion composition changed from a calcium bicarbonate 
type to a sodium calcium sulfate bicarbonate type. Analysis of the water samples by use of the chemical 
equilibrium model WATEQ4F (Ball and Nordstrom, 1991) indicates that most of the water samples were 
saturated with respect to aragonite, calcite, dolomite, and iron-oxide minerals and undersaturated with 
respect to gypsum.

Chemical reactions that govern the major-ion composition of water in the aquifer underlying the 
Turtle Lake irrigation area probably include dissolution and precipitation of calcite, dissolution of gypsum, 
and ion exchange with clay minerals. Precipitation of soluble minerals in the unsaturated zone results 
from evapotranspiration, and dissolution of these minerals during periods of recharge may affect the 
chemical evolution of the water (Freeze and Cherry, 1979). The extent and nature of these reactions were 
not determined in this investigation.
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Wells along ground-water flow paths (fig. 8) were sampled to evaluate lateral change in water quality 
in the aquifer. Flow paths were defined as being approximately perpendicular to water-table contours. 
Plans were to sample wells along four flow paths in the Turtle Lake irrigation area, but most of the wells in 
the northern part of the area went dry during the study. Flow path A is south of the McClusky Canal and 
extends from well 81-123A to 81-130A to 81-129A. Flow path B extends from well 87-177 to 87-186 to 
OW-48A to 87-184. Flow path C extends from well 87-165A to 87-166A to 90-1.

As water flows through an aquifer, dissolved-solids concentrations generally increase because of 
mineral dissolution along the flow path. In the Turtle Lake irrigation area, dissolved-solids concentrations, 
as indicated by specific conductance (table 7), did not show a definite increase along any of the flow paths. 
Rather, specific-conductance values vary sporadically along the flow paths, increasing in some places and 
decreasing in others. Lack of a consistent trend in specific conductance probably reflects compositional 
variability and the complexity of flow paths in the aquifer. The aquifer underlying the Turtle Lake 
irrigation area represents a collapsed glacial-outwash plain. The sand layer throughout the area is not 
uniform, and the flow paths through the aquifer probably are more complicated than shown by the 
generalized water-table contours in figure 8.

Table 7. Specific conductance, arsenic, and selenium in selected wells in the Turtle Lake irrigation area, 
September 1990

[joS/cm, microsiemens per centimeter at 25 degrees Celsius; Jig/L, micrograms per liter, <, less than]

Flow path Identification number Specific conductance 
((iS/cm)

Arsenic, dissolved 
(WJ/L)

Selenium, dissolved

A
A
A
B
B

B
B
C
C
C

81-123A
81 -BOA
81 -129 A
87-177
87-186

OW-48A
87-184
87-165A
87-166A
90-1

1,040 1
690 1
690 ' <1
870
990

442
720
630
346
510

<1
4

1
<1

1
1

<l

<1
1
1

<1
<!

<!
2

<1
<1
<l

Concentrations of dissolved ions were compared to determine if the distributions in the shallow and 
deep parts of the aquifer underlying the Turtle Lake irrigation area were equal. Water-quality data 
commonly are not normally distributed, so a nonparametric \Yilcoxon's rank sum test was used to compare 
the two groups of data. The null hypothesis for the tests was that the median constituent concentrations of 
dissolved ions or the median values of specific conductance, pH, temperature, or dissolved oxygen were 
equal. The null hypotheses were accepted at the 0.05 probability level. Results of the Wilcoxon's rank 
sum tests are given in supplement 9. |

In the aquifer underlying the Turtle Lake irrigation area, the null hypothesis was rejected for pH, 
temperature, dissolved oxygen, calcium, nitrite, nitrite plus nitrate, arsenic, and iron. pH and temperature 
values and dissolved-oxygen, nitrite, and nitrite plus nitrate concentrations were larger in the shallow part 
of the aquifer than in the deep part of the aquifer. Calcium, arsenic, and iron concentrations were larger in 
the deep part of the aquifer than in the shallow part of the aquifer.
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Arsenic and Selenium Occurrence

In the shallow part of the aquifer underlying the Turtle Lake irrigation area, the mean arsenic 
concentration was less than 1 microgram per liter, and the maximum was 1 microgram per liter. In the 
deep part of the aquifer, the mean arsenic concentration was 7 micrograms per liter, and the maximum 
was 27 micrograms per liter. The increase in arsenic concentrations with depth reflects the change from 
oxidizing to reducing conditions in the aquifer. In the shallow part of the aquifer, where oxidizing 
conditions prevail, arsenic probably is in the +5 oxidation state and is strongly adsorbed to soil particles. 
In the deep part of the aquifer, where reducing conditions prevail, arsenic probably is in the +3 oxidation 
state.

The mean selenium concentration was less than 1 microgram per liter in both the shallow and deep 
parts of the aquifer. The maximum selenium concentration in the shallow part of the aquifer was 
3 micrograms per liter and the maximum in the deep part of the aquifer was 2 micrograms per liter. The 
small selenium concentrations reflect the small selenium concentrations in the soil.

No large changes in arsenic or selenium concentrations occurred along the three flow paths defined in 
the Turtle Lake irrigation area (table 7). The consistently small arsenic and selenium concentrations show 
that the elements are not increasing significantly along the flow paths.

New Rockford Irrigation Area

Hydrogeologic sections of the aquifer underlying the New Rockford irrigation area (figs. 12 and 13) 
were determined from borehole logs of observation wells in the irrigation area. The altitude of the water 
table in the New Rockford irrigation area on August 22-28, 1990, is shown in figure 14.

Soil Chemistry

Soil samples were collected from 15 sites adjacent to observation wells in the New Rockford 
irrigation area. Chemical analyses of the soils are given in supplement 10 by order of increasing depth at 
each location and in supplement 11 by soil series and soil horizon. Soil horizons were defined as the 
topsoil, the oxidized soil, the transition soil between the oxidized and reduced soils, and the reduced soil. 
Topsoils were black and within 3 feet of the land surface; oxidized soils were tan and dry and occurred 
above the water table; transition soils were mottled tan, red, and black and occurred near the water table; 
and reduced soils were black, wet, and sometimes had a rotten-egg smell. The soils were categorized by 
the Bureau of Reclamation (Kurt Webber, written commun., 1990).

Arsenic concentrations ranged from 2.5 to 70 milligrams per kilogram, and selenium concentrations 
ranged from less than 0.1 to 3.5 milligrams per kilogram. Average arsenic and selenium concentrations 
in the entire soil column are plotted in figure 15. Large and small average arsenic and selenium concen 
trations do not appear to show a systematic distribution throughout the irrigation area.

Analysis of variance was used to evaluate chemical variability of soils in the New Rockford irrigation 
area (supplement 12). Because the concentrations were not normally distributed, an analysis of variance 
was done on ranked soils data. A total of three null hypotheses were tested for each chemical constituent. 
In null hypothesis A, the median constituent concentrations in each soil horizon are equal; in null 
hypothesis B, the median constituent concentrations in each soil series are equal; and in null hypothesis C, 
the median constituent concentrations in each soil horizon within each soil series are equal. The null 
hypotheses were accepted at the 0.05 probability level. For arsenic, null hypothesis A was rejected but
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VERTICAL SCALE GREATLY EXAGGERATED 
DATUM IS SEA LEVEL

EXPLANATION

Loamy coarse sand to loam

Loamy coarse sand to loamy 
very fine sand

Coarse sand and gravel to 
very fine sand

Silty clay to clay 

Till 1

Lithologic contact-Dashed 
where inferred

Water level measured 
August 22 to 27,1990

Well

Identification number

Total depth

Figure 13. Hydrogeologic section D-D 1 through the New Rockford irrigation area. 
[Trace of section shown in figure 14.]

null hypotheses B and C were accepted, indicating that arsenic concentrations vary among soil horizons 
but not among soil series or among soil horizons within each soil series. For selenium, null hypothesis B 
was accepted but null hypotheses A and C were rejected, indicating that selenium concentrations do not 
vary among soil series but do vary among soil horizons and among soil horizons within each soil series.

Average arsenic, iron, manganese, and selenium concentrations are given in table 8 for each of the 
defined soil horizons. Average arsenic, iron, and manganese concentrations increase with depth through 
the topsoil, oxidized soil, and transition soil but decrease in the reduced soil at the bottom of the sampled 
horizons. The same pattern occurred in the Turtle Lake irrigation area and may be explained by trace 
elements in shallow parts of the aquifer being leached downward by percolating water. Selenium 
concentrations do not show a clear pattern of variation with depth.

The average arsenic concentration in 15 soil extracts was 9 micrograms per kilogram, and the 
maximum was 19 micrograms per kilogram (supplement 13). The extracts contained an average of 
0.2 percent of the total arsenic in the soil. The average selenium concentration in 15 soil extracts was 
15 micrograms per kilogram, and the maximum was 60 micrograms per kilogram. The extracts contained 
an average of 1.2 percent of the total selenium in the soil. Arsenic and selenium concentrations in soils 
were compared to arsenic and selenium concentrations in soil extracts (fig. 16). No correlation is shown 
between the concentrations in soils and the concentrations in extracts, indicating that, based on conditions
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Figure 15. Average arsenic and selenium concentrations in soils from the New Rockford irrigation area, 1990.
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of laboratory soil-water extraction experiments, trace-element concentrations in soils are not good 
predictors of trace-element concentrations in irrigation return flow.
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CONCENTRATION IN SOILS, IN MILLIGRAMS PER KILOGRAM

Figure 16. Arsenic and selenium concentrations in soils and soil extracts from the 
New Rockford irrigation area.

16

Water Chemistry

Water samples were collected from near the water table (the shallow part of the aquifer) and from the 
bottom of the aquifer (the deep part of the aquifer). Where the water table was within 3 feet of the bottom 
of the aquifer, samples were collected only from the bottom of the aquifer. Chemical analyses for both the 
shallow and deep parts of the aquifer are given in supplement 14. A statistical summary of data for the 
shallow wells and a drain is given in table 9, and a statistical summary of data for the deep wells is given in 
table 10. If constituent concentrations were less than the minimum reporting level, a log-probability 
regression was used to estimate the mean concentration (Helsel and Conn, 1988).

Water in the aquifer underlying the New Rockford irrigation area is fresh (less than 600 milligrams 
per liter of dissolved solids) and slightly alkaline. The major-ion composition of water from 23 shallow 
and deep wells and 1 drain sampled in September 1990 is shown in figure 17. Calcium and bicarbonate 
were the predominant ions in most of the samples. As the total ion concentration increased, the major-ion 
composition changed from a calcium bicarbonate type to a calcium magnesium sulfate bicarbonate type.
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Figure 17. Major-ion composition of water in the aquifer underlying the New Rockford 
irrigation area.

Analysis of the water samples by use of the chemical equilibrium model WATEQ4F (Ball and Nordstrom, 
1991) indicates that most of the water samples were saturated with respect to iron-oxide minerals and 
under-saturated with respect to aragonite, calcite, dolomite, and gypsum.

Chemical reactions that govern the major-ion composition of water in the aquifer underlying the New 
Rockford irrigation area probably include dissolution of calcite and gypsum and ion exchange with clay 
minerals. Precipitation of soluble minerals in the unsaturated zone results from evapotranspiration, and 
dissolution of these minerals during periods of recharge probably affect the chemical evolution of the 
water. The extent and nature of these reactions were not determined in this investigation.

Wells along one long flow path (fig. 14) were sampled to evaluate lateral changes in water quality in 
the aquifer. Water flows southeast from well NR75 to NR161. Generally, specific-conductance values 
increase along the flow path (table 11), indicating an increase in dissolved solids.

Concentrations of dissolved ions were compared to determine if the distributions in the shallow and 
deep parts of the aquifer underlying the New Rockford irrigation area were equal. Water-quality data 
commonly are not normally distributed, so a nonparametric Wilcoxon's rank sum test was used to compare 
the two groups of data. The null hypothesis for the tests was that the median constituent concentrations of 
dissolved ions or the median values of specific conductance, pH, temperature, or dissolved oxygen were
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Table 11. Specific conductance, arsenic, and selenium in selected wells in the New Rockford irrigation area, 
October 1990

[jiS/cm, microsiemens per centimeter at 25 degrees Celsius; |ig/L, micrograms per liter, < t less than]

.. .... .. . Specific conductance Arsenic, dissolved Selenium, dissolved
Identification number r (uS/cm) ' -"' ' ""

NR75 592 5
NR23B 585 4
NR89 603 <1
NR104 538 2
NR152 457 3
NR161 807 14

equal. The null hypotheses were accepted at the 0.05 probability level. Results of the Wilcoxon's rank 
sum tests are given in supplement 15.

In the aquifer underlying the New Rockford irrigation area, the null hypothesis was rejected for 
dissolved oxygen, calcium, magnesium, nitrite, nitrite plus nitrate, ammonia, arsenic, iron, and selenium. 
Dissolved-oxygen, calcium, magnesium, nitrite, nitrite plus nitrate, and selenium concentrations were 
larger in the shallow part of the aquifer than in the deep part of the aquifer. Dissolved ammonia, arsenic, 
and iron concentrations were larger in the deep part of the aquifer than in the shallow part of the aquifer.

In the shallow part of the aquifer underlying the New Rockford irrigation area, the mean arsenic 
concentration was 2 micrograms per liter, and the maximum was 6 micrograms per liter. In the deep part 
of the aquifer, the mean arsenic concentration was 4 micrograms per liter, and the maximum was 
14 micrograms per liter. The increase in arsenic concentrations with depth probably reflects the change 
from oxidizing to reducing conditions in the aquifer.

The mean selenium concentration in the shallow part of the aquifer was 1 microgram per liter, and the 
maximum was 4 micrograms per liter. The mean and maximum selenium concentrations in the deep part 
of the aquifer were less than 1 microgram per liter. The small selenium concentrations reflect the small 
selenium concentrations in the soil.

Arsenic concentrations generally do not increase or decrease systematically along the flow path 
defined in the New Rockford irrigation area (table 11). The increase of arsenic concentrations at the 
end of the flow path reflects the comparatively large arsenic concentration in soil at the screen depth 
of well NR161. Water from sample NR161 A, which was collected from well NR161, had an arsenic 
concentration of 61 milligrams per kilogram between 11 and 13 feet (supplement 10). Selenium 
concentrations were less than 1 microgram per liter in all wells along the flow path.

Harvey Pumping Irrigation Area

A hydrogeologic section of the aquifer underlying the Harvey Pumping irrigation area (fig. 18) was 
determined from borehole logs of observation wells in the irrigation area. The altitude of the water table 
in the Harvey Pumping irrigation area on September 4,1990, is shown in figure 19. The ground-water 
flow is east and west of a ground-water high that extends from northeast to southwest.
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1,580 1,580

VERTICAL SCALE GREATLY EXAGGERATED 
DATUM IS SEA LEVEL

EXPLANATION 

Sandy loam to clay 

Gravel to loamy very fine sand 

Till

Lithologic contact-Dashed where inferred 

Water level measured September 4,1990

O Dry well-Water table will 
be less than this altitude

Well
CN 
CN
£:    Identification number

1 Total depth

Figure 18. Hydrogeologic section E-E1 through the Harvey Pumping irrigation area. [Trace of 
section shown in figure 19.]

Soil Chemistry

Soil samples were collected from three sites adjacent to observation wells in the Harvey Pumping 
irrigation area. Chemical analyses of the soils are given in supplement 16 by order of increasing depth at 
each location. The aquifer underlying the irrigation area consists of sand and gravel that can reach 30 feet 
in thickness. The sand layer (fig. 18) represents glacial outwash.

Arsenic concentrations ranged from 1.0 to 9.7 milligrams per kilogram, and selenium concentrations 
ranged from less than 0.1 to 5.4 milligrams per kilogram. Average arsenic and selenium concentrations in 
the entire soil column are shown in figure 20. The average concentrations are similar for each of the three 
sampling sites.

Average arsenic, iron, manganese, and selenium concentrations are given in table 12 for each of the 
defined soil horizons. The concentrations do not appear to vary systematically with depth.

Arsenic concentrations in three soil extracts ranged from less than 10 to 42 micrograms per kilogram, 
and selenium concentrations ranged from 24 to 650 micrograms per kilogram (supplement 17). The 
extracts contained an average of 1.8 percent of the total arsenic in the soil and 7.0 percent of the total 
selenium in the soil. Arsenic and selenium concentrations in soils were compared to arsenic and selenium
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99°55' R.72W. , 99°52'30" 99°50'

T. 149 N. 
47°42'30"

T. 149 N.

R. 73 W. R. 72 W. 
1/2 1 MILE

E

EXPLANATION 

^ __ y Harvey Pumping irrigation area

1616-  Water-table contour-Shows altitude of water table,
September 1990. Dashed where approximately located. 
Contour interval 1 foot. Datum is sea level

E'
| Trace of section Section E-E' shown in figure 18

HP13 Well-Number is well identification number

Figure 19. Altitude of water table in the Harvey Pumping irrigation area, September 4,1990. [Data from 
Dick Lunde, Bureau of Reclamation, written commun., 1990.]
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Figure 20. Average arsenic and selenium concentrations in soils from the Harvey Pumping irrigation area, 1990.
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concentrations in soil extracts (fig. 21). No correlation is shown between arsenic concentrations in soils 
and arsenic concentrations in extracts. Selenium concentrations in soils and extracts may be positively 
correlated, but the comparison is based on only three samples.
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CONCENTRATION IN SOILS, IN MILLIGRAMS PER KILOGRAM

Figure 21. Arsenic and selenium concentrations in soils and soil extracts from the Harvey 
Pumping irrigation area.

Water Chemistry

Chemical analyses for four water samples are given in supplement 18. The major-ion composition 
of water from four wells sampled in September and October 1990 is shown in figure 22. Calcium and 
bicarbonate were the predominant ions in most of the samples. Analysis of the water samples by use of 
the chemical equilibrium model WATEQ4F (Ball and Nordstrom, 1991) indicates that most of the water 
samples were saturated with respect to iron-oxide minerals and undersaturated with respect to aragonite, 
calcite, dolomite, and gypsum.
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PERCENT, IN MILLIEQUIVALENTS PER LITER

Figure 22. Major-ion composition of water in the aquifer underlying the Harvey Pumping 
irrigation area.

Arsenic and Selenium Occurrence

Arsenic and selenium concentrations in samples from the four wells were small. The maximum 
dissolved arsenic concentration was 2 micrograms per liter, and two samples had concentrations less than 
the minimum reporting level of 1 microgram per liter. The maximum dissolved selenium concentration 
was 1 microgram per liter, and two samples had concentrations less than the minimum reporting level of 
1 microgram per liter.

Lincoln Valley Irrigation Area

A hydrogeologic section of the aquifer underlying the Lincoln Valley irrigation area (fig. 23) was 
determined from borehole logs of observation wells in the irrigation area. The altitude of the water table in 
the Lincoln Valley irrigation area on August 30,1990, is shown in figure 24. The ground-water flow is 
principally from west to east.
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EXPLANATION 
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Lithologic contact Dashed 
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Water level measured 
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Indentification number

Total depth

VERTICAL SCALE GREATLY EXAGGERATED 
DATUM IS SEA LEVEL

Figure 23. Hydrogeologic section F-F through the Lincoln Valley irrigation area. [Trace of section shown 
in figure 24.]

Soil Chemistry

Soil samples were collected from four sites in the Lincoln Valley irrigation area. Chemical analyses of 
the soils are given in supplement 19 by order of increasing depth. The aquifer consists of a sandy loamy 
material, which characteristically has a small hydraulic conductivity of about 4 feet per day (Shaver and 
Schuh, 1990, p. 57). |

Arsenic concentrations ranged from 2.0 to 9.9 milligrams per kilogram, and selenium concentrations 
ranged from less than 0.1 to 0.7 milligram per kilogram. Average arsenic and selenium concentrations in 
the entire soil column are shown in figure 25. The average concentrations are similar for each of the four 
sampling sites.

Average arsenic, iron, manganese, and selenium concentrations are given in table 13 for each of the 
defined soil horizons. The concentrations do not appear to vary systematically with depth.

Arsenic concentrations in three soil extracts were less than 10 micrograms per kilogram, and selenium 
concentrations ranged from 72 to 82 micrograms per kilogram (supplement 20). The extracts contained an 
average of less than 0.1 percent of the total arsenic in the soil and 12 percent of the total selenium in the 
soil. Selenium concentrations in soils were compared to selenium concentrations in soil extracts (fig. 26). 
Selenium concentrations in soils and extracts may be positively correlated, but the comparison is based on 
only three samples.
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Lincoln Valley irrigation area

1 MILE 
I

  7780 -   Water-table contour-Shows altitude of water table, 
August 1990. Dashed where approximately located. 
Contour interval 10 feet. Datum is sea level

F'
_____I Trace of section Section F-F shown in figure 23

LV40
Well Number is well identification number

Figure 24. Altitude of water table in the Lincoln Valley irrigation area, August 30,1990. [Data from Dick Lunde, 
Bureau of Reclamation, written commun., 1990.]
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Figure 25. Average arsenic and selenium concentrations in soils from the Lincoln Valley irrigation area, 1990.
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CONCENTRATION IN SOILS, IN MILLIGRAMS PER KILOGRAM

Figure 26. Selenium concentrations in soils and soil extracts from the Lincoln Valley 
irrigation area. i

Water Chemistry

Chemical analyses for four water samples are given in supplement 21. The major-ion composition 
of water from four shallow and deep wells sampled in September 1990 is shown in figure 27. The 
composition of the water in each well is different. The general flow path of the ground water is from well 
LV40 to LV4A to LV90-1 (fig. 24). The water at well LV40 is a calcium bicarbonate type. As the water 
moves toward well LV4A, the dissolved-solids concentration increases and the water changes to a calcium 
magnesium sulfate type. The dissolved-solids concentration increases again from well LV4A to LV90-1, 
and the water changes to a sodium magnesium sulfate type. Because of the small hydraulic conductivity of 
the aquifer, the ground water moves slowly. The slow movement increases the time water is in contact 
with the aquifer material and, thus, increases the potential of the water to acquire additional dissolved 
minerals. Analysis of the water samples by use of the chemical equilibrium model WATEQ4F (Ball and 
Nordstrom, 1991) indicates that most of the water samples weije saturated with respect to aragonite, 
calcite, dolomite, and iron-oxide minerals and undersaturated with respect to gypsum.

Arsenic and Selenium Occurrence

Arsenic and selenium concentrations in samples from the four wells were small. All of the arsenic 
concentrations were less than the minimum reporting level of 1 microgram per liter. The maximum
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Figure 27. Major-ion composition of water in the aquifer underlying the Lincoln Valley 
irrigation area.

selenium concentration was 2 micrograms per liter, and three samples had concentrations less than the 
minimum reporting level of 1 microgram per liter.

LaMoure Irrigation Area

The LaMoure irrigation area (fig. 1) consists of several small areas that are suitable for irrigation. The 
ground water in each area is not necessarily hydrologically connected.

Water Chemistry

Chemical analyses for five water samples are given in supplement 22. The major-ion composition of 
water from the five deep wells sampled in October 1990 is shown in figure 28. The major-ion composition 
of each sample is assumed to represent local conditions. The water types indicate that each small irrigation 
area in the LaMoure irrigation area has a characteristic water quality. Generally, the water ranges from a 
calcium bicarbonate sulfate type to a sodium bicarbonate sulfate type. Analysis of the water samples by 
use of the chemical equilibrium model WATEQ4F (Ball and Nordstrom, 1991) indicates that most of the 
water samples were saturated with respect to aragonite, calcite, dolomite, and iron-oxide minerals and 
undersaturated with respect to gypsum.
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Figure 28. Major-ion composition of water in the aquifer underlying the LaMoure 
irrigation area.

100

Arsenic and Selenium Occurrence

Arsenic and selenium concentrations in samples from the five wells were small. The maximum 
arsenic concentration was 12 micrograms per liter, and the minimum concentration was 2 micrograms per 
liter. All of the selenium concentrations were less than the minimum reporting level of 1 microgram per 
liter

POTENTIAL FOR ARSENIC AND SELENIUM MOI 
DIVERSION UNIT

ULIZATION IN THE GARRISON

Water extractions of soils were done to evaluate the effects of leaching by irrigation water. No 
correlation was shown between arsenic or selenium concentrations in soils and soil extracts, indicating 
that laboratory-leaching experiments cannot be used to accurately predict arsenic or selenium concentra 
tions in irrigation drainage or runoff in the GDU. The laboratory soil-water extraction experiments were 
conducted for oxic conditions (in the presence of oxygen) and, thus, did not accurately depict conditions 
in reduced soils. Arsenic tends to be strongly adsorbed in oxidized soils and mobile in reduced soils. 
Selenium tends to be mobile in oxidized soils and immobile in reduced soils. Oxidizing all soils causes 
arsenic to be immobile and selenium to be mobile. Further, redox reactions that would change the
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speciation of arsenic and selenium in the soils usually are caused by anaerobic bacteria that would have 
died as a result of sample collection and preparation.

The soil-water extraction experiments showed that only small percentages of the total arsenic and 
selenium in soils were released to water (fig. 29). For all of the analyzed soil samples, the extracts 
contained an average of 0.3 percent of the total arsenic in the soil and 3.0 percent of the total selenium in 
the soil. These small percentages indicate that short-term leaching of soils in the GDU is unlikely to 
produce large arsenic or selenium concentrations.

The natural equivalent of the soil-water extraction experiments occurs each time rain percolates 
through unsaturated soils. The number of soil samples from the Turtle Lake and New Rockford irrigation 
areas was adequate to evaluate the behavior of arsenic and selenium under natural leaching conditions. In 
both of these irrigation areas, arsenic concentrations increased with depth through the topsoil, oxidized 
soil, and transition soil and then decreased in the reduced soil. The same pattern was shown by iron and 
manganese, which, like arsenic and selenium, are sensitive to redox conditions. Selenium concentrations 
followed the same pattern in the Turtle Lake irrigation area but not in the New Rockford irrigation area. 
The pattern of chemical variation with depth may be attributed to downward leaching of the elements by 
percolating water. Therefore, although the soil-water extraction experiments showed that only small 
amounts of arsenic and selenium are released from soils over short periods, net movement of the elements 
downward through the soil column can occur over longer periods.

Arsenic concentrations in ground water generally were larger in the deep parts of the aquifers, where 
reducing conditions prevailed, than in the shallow parts of the aquifers. Arsenic concentrations were 
uniformly small in oxidized parts of the aquifers. These findings reflect the increased solubility of 
arsenic in reducing environments and the decreased solubility in oxidizing environments. Selenium 
concentrations did not define clear patterns of variation with depth, possibly, in part, because of the 
complexities of selenium speciation and adsorption as described earlier. Arsenic and selenium 
concentrations did not vary systematically along flow paths.

The maximum contaminant level for arsenic and selenium in drinking water is 50 micrograms per liter 
for both constituents (North Dakota Department of Health, 1994). Although water in the GDU is not to be 
used for a drinking-water supply, arsenic and selenium concentrations in ground water and soil extracts 
were compared to these maximum contaminant levels. The ground-water samples collected during this 
study did not contain arsenic or selenium concentrations in excess of the drinking-water limits. Arsenic 
concentrations in soil extracts were less than the drinking-water limit, but selenium concentrations in the 
extracts were greater than the drinking-water limit in some samples. Extracts that contained selenium 
concentrations exceeding the maximum contaminant level were from the Turtle Lake, New Rockford, 
Harvey Pumping, and Lincoln Valley irrigation areas.

ARSENIC AND SELENIUM CONCENTRATIONS IN IRRIGATION AREAS OF THE 
GARRISON DIVERSION UNIT AND IN OTHER IRRIGATION AREAS IN THE 
WESTERN UNITED STATES

One of the major environmental concerns regarding the diversion of irrigation water to the irrigation 
areas of the GDU is that the return water may have arsenic and selenium concentrations large enough 
to produce adverse effects on the ecosystem. All of the irrigation areas of the GDU consist of deposits 
that overlie marine sedimentary rocks of Cretaceous age and, thus, are susceptible to large selenium 
concentrations. A method to determine the potential for ecological problems in irrigation areas because 
of selenium is given by Seiler (1995). The method requires knowledge of the geology of the irrigation
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Figure 29. Distributions of arsenic in soil extracts to arsenic in soils and selenium in soil extracts to 
selenium in soils from the Turtle Lake, New Rockford, Harvey Pumping, and Lincoln Valley irrigation 
areas.
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area, the average annual free-water-surface evaporation, and the average annual precipitation. When 
the evaporation index, which is equal to the average annual free-water-surface evaporation divided by 
the average annual precipitation, is greater than 2.5, problems caused by selenium are possible. The 
evaporation indexes for the irrigation areas of the GDU range from 1.5 to 1.7, indicating that problems 
caused by selenium are unlikely. A similar method is not available to determine the potential for 
ecological problems in irrigation areas because of arsenic.

Another method to determine the potential for problems resulting from arsenic and selenium concen 
trations in irrigation areas of the GDU is to compare the concentrations to those in irrigation areas that 
have had problems. A summary of arsenic concentrations in water from irrigation areas of the GDU and 
arsenic concentrations in water from other irrigation areas in the western United States is given in table 14. 
A summary of selenium concentrations is given in table 15.

Arsenic concentrations in water from irrigation areas of the GDU were considerably smaller than 
concentrations in ground water and surface water from irrigation areas in the western United States that 
have had problems (table 14). Median arsenic concentrations in areas of the GDU were less than 
5 micrograms per liter, but median concentrations in other areas in the western United States generally 
were much larger than 5 micrograms per liter. Maximum arsenic concentrations in areas of the GDU were 
less than 50 micrograms per liter (the maximum contaminant level for drinking water), but maximum 
concentrations in other areas in the western United States were much larger than 50 micrograms per liter. 
Problems resulting from arsenic concentrations in return flow from irrigation areas of the GDU are 
unlikely.

Selenium concentrations in water from irrigation areas of the GDU also were considerably smaller 
than concentrations in ground water and surface water from other irrigation areas in the western United 
States (table 15). Median selenium concentrations in areas of the GDU were less than the reporting limit 
of 1 microgram per liter, but median concentrations in other areas in the western United States were 
much larger than the reporting limit. Some of the other areas had median concentrations that were 
larger than 50 micrograms per liter (the maximum contaminant level for drinking water) and larger than 
35 micrograms per liter (the chronic criterion for freshwater aquatic life). Maximum selenium 
concentrations in areas of the GDU were less than the maximum contaminant level for drinking water, 
but maximum concentrations in some of the other areas in the western United States were greater than the 
chronic criterion for freshwater aquatic life. Deformed birds have been found in the Middle Green River 
Basin and in the Kendrick Reclamation project area, and tissue analysis positively identified selenium as 
the cause of the deformities (Seiler, 1995). Problems resulting from selenium concentrations in return 
flow from irrigation areas of the GDU are unlikely.

SUMMARY AND CONCLUSIONS

The Garrison Diversion Unit (GDU) project was authorized as part of the Pick-Sloan Missouri River 
Basin program to divert water from Lake Sakakawea to the Turtle Lake, New Rockford, Harvey Pumping, 
Lincoln Valley, and LaMoure irrigation areas. A special Garrison Commission was created to evaluate an 
environmental concern that return flow from the irrigation areas might contain metals in concentrations 
that would be toxic to the environment. This report summarizes the results of detailed investigations of the 
irrigation areas done in 1990. Specific objectives of the investigations were to (1) determine the inorganic 
chemical composition of the soils and ground water, (2) determine the arsenic and selenium concentrations 
and distributions in the soils and ground water, (3) evaluate whether the arsenic and selenium 
concentrations are large enough to threaten human health or wildlife, and (4) investigate the differences 
between arsenic and selenium concentrations in reduced parts of the aquifers and in oxidized parts of the 
aquifers underlying the irrigation areas.
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A total of 223 soil samples were collected and analyzed for elemental composition. Of the 223 soil 
samples, 40 soil-water extractions were done using a 1:5 soil-to-water extraction method, and the 
solutions from the extractions were analyzed for elemental composition. Average arsenic and selenium 
concentrations in the entire soil columns of the Turtle Lake, New Rockford, Harvey Pumping, and Lincoln 
Valley irrigation areas were evaluated to determine the area! patterns of concentrations in the areas. In the
Turtle Lake irrigation area, large arsenic concentrations do no
throughout the area, and selenium concentrations generally arc smallest in the northern part of the area. In
the New Rockford irrigation area, large and small arsenic and

appear to show a systematic distribution

selenium concentrations do not appear to
show a systematic distribution throughout the area. Too few soil samples were collected in the Harvey 
Pumping and Lincoln Valley irrigation areas to show areal patterns of the concentrations. Ranges in 
arsenic and selenium concentrations in soils from the Turtle Lake, New Rockford, Harvey Pumping, and 
Lincoln Valley irrigation areas are given in the following table:

. . Arsenic Selenium 
irrigation area (milligrams per kilogram) (milligrams per kilogram)

Turtle Lake 2.4 to 54 <0.1 to 6.0
New Rockford 2.5 to 70 <0.1 to 3.5
Harvey Pumping 1.0 to 9.7 <0.1to5.4
Lincoln Valley 2.0 to 9.9 <0.1 to 0.7

Average arsenic, iron, manganese, and selenium concentiations in the Turtle Lake irrigation area 
soils generally increase with depth through the topsoil, oxidized soil, and transition soil but decrease in 
the reduced soil at the bottom of the sampled horizons, possibly because the elements were leached 
downward by percolating water. Although these constituents jwould be strongly adsorbed onto soil 
particles, net downward movement through the soil column probably occurs over time. Arsenic is 
soluble in the reduced part of the aquifer and, therefore, would partition into the pore water, leaving 
smaller concentrations in the reduced area of the soil horizon^ Average arsenic, iron, and manganese 
concentrations in the New Rockford irrigation area soils follojw the same pattern as in the Turtle Lake 
irrigation area, but selenium concentrations do not show a cldar pattern of variation with depth. In the 
Harvey Pumping and Lincoln Valley irrigation area soils, arse[nic and selenium concentrations do not 
appear to vary systematically with depth.

No correlation is shown between arsenic and selenium concentrations in soils and arsenic and 
selenium concentrations in soil extracts from the Turtle Lake, New Rockford, Harvey Pumping, and 
Lincoln Valley irrigation areas, indicating that, based on conditions of laboratory soil-water extraction 
experiments, trace-element concentrations in soils are not good predictors of trace-element concentrations 
in irrigation return flow. The average percentages of arsenic $nd selenium in soil extracts compared to the 
total concentrations in soils from the Turtle Lake, New Rockford, Harvey Pumping, and Lincoln Valley 
irrigation areas are given in the following table:

Average percent of arsenic 
and selenium in 1:5 soil-to- 

water extractions compared to 
total concentration in soil

Irrigation area

Turtle Lake
New Rockford
Harvey Pumping 
Lincoln Valley

Arsenic

0.2
.2

1.8 
<.l

Selenium

1.8
1.2
7.0 

12
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A total of 52 ground-water samples were collected and analyzed for inorganic constituents and 
organic carbon. The water underlying each irrigation area was characterized, and major water types are 
given in the following table:

Irrigation area Water type

Turtle Lake 
New Rockford 
Harvey Pumping 
Lincoln Valley 
LaMoure

Calcium bicarbonate to sodium calcium sulfate bicarbonate 
Calcium bicarbonate to calcium magnesium sulfate bicarbonate 
Calcium bicarbonate
Calcium bicarbonate to sodium magnesium sulfate 
Calcium bicarbonate sulfate to sodium bicarbonate sulfate

Analysis of the data by use of the equilibrium model WATEQ4F indicates that water in the irrigation areas 
was saturated or undersaturated with respect to particular minerals as follows:

Irrigation area Saturated Undersaturated

Turtle Lake

New Rockford

Harvey Pumping

Lincoln Valley

LaMoure

Aragonite, calcite, dolomite, and iron-oxide 
minerals

ton-oxide minerals

ton-oxide minerals

Aragonite, calcite, dolomite, and iron-oxide 
minerals

Aragonite, calcite, dolomite, and iron-oxide

Gypsum

Aragonite, calcite, dolomite, and
gypsum 

Aragonite, calcite, dolomite, and
gypsum 

Gypsum

Gypsum
minerals

Arsenic concentrations in ground water generally were larger in the deep part of the aquifers under 
lying the Turtle Lake and New Rockford irrigation areas than in the shallow part of the aquifers. In the 
shallow part of the aquifers, where oxidizing conditions prevail, arsenic is in the +5 oxidation state and is 
strongly adsorbed to soil particles. In the deep part of the aquifers, where reducing conditions prevail, 
arsenic is in the more mobile +3 oxidation state. Arsenic concentrations in the deep part of the aquifers 
ranged from less than 1 microgram per liter to 27 micrograms per liter. All concentrations were less than 
the maximum contaminant level of 50 micrograms per liter for drinking water.

Selenium is more mobile in the oxidized state. All concentrations larger than the minimum reporting 
level were in the shallow oxidized part of the aquifers. Selenium concentrations ranged from less 
than 1 microgram per liter to 4 micrograms per liter. All concentrations were less than the maximum 
contaminant level of 50 micrograms per liter for drinking water.

Arsenic and selenium concentrations in irrigation areas of the GDU were compared to arsenic and 
selenium concentrations in other irrigation areas in the western United States. Median arsenic and 
selenium concentrations in irrigation areas of the GDU were less than the maximum contaminant level for 
drinking water for both constituents. Median arsenic and selenium concentrations in other irrigation areas 
in the western United States were much larger than the concentrations in irrigation areas of the GDU. 
Problems resulting from arsenic and selenium concentrations in return flow from irrigation areas of the 
GDU are unlikely.
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Supplement 1. Methods of analysis and minimum reporting levels for soil samples

[ICAP/OES, inductively-coupled argon plasma/optical emission spectroscopy; HG/AAS, hydride generation/atomic absorption spectroscopy; 
mg/kg, milligrams per kilogram; CV/AAS, cold vapor/atomic absorption spectroscopy]

Constituent

Aluminum
Arsenic
Barium
Beryllium
Bismuth

Cadmium
Calcium
Cerium
Chromium
Cobalt

Copper
Europium
Gallium
Gold
Holmium

Iron
Lanthanum
Lead
Lithium
Magnesium

Manganese
Mercury
Molybdenum
Neodymium
Nickel

Niobium
Phosphorus
Potassium
Scandium
Selenium

Silver
Sodium
Strontium
Sulfur
Tantalum

Thorium
Tin
Titanium
Uranium
Vanadium

Ytterbium
Yttrium
Zinc

Method of analysis

ICAP/OES
HG/AAS
ICAP/OES
ICAP/OES
ICAP/OES

ICAP/OES
ICAP/OES
ICAP/OES
ICAP/OES
ICAP/OES

ICAP/OES
ICAP/OES
ICAP/OES
ICAP/OES
ICAP/OES

ICAP/OES
ICAP/OES
ICAP/OES
ICAP/OES
ICAP/OES

ICAP/OES
CV/AAS
ICAP/OES
ICAP/OES
ICAP/OES

ICAP/OES
ICAP/OES
ICAP/OES
ICAP/OES
HG/AAS

ICAP/OES
ICAP/OES
ICAP/OES
Combustion
ICAP/OES

ICAP/OES
ICAP/OES
ICAP/OES
ICAP/OES
ICAP/OES

ICAP/OES
ICAP/OES
ICAP/OES

Minimum reporting 
level

0.01
.2

1
1

10

2
.01

1
1
1

1
2
1
8
4

.01
1
1
1

.01

1
.02

2
1
1

4
.01
.01

1
.1

2
.01

1
.01

40

1
10

.01
100

1

1
1
1

Unit of measure

Percent
mg/kg
mg/kg
mg/kg
mg/kg

mg/kg
Percent
mg/kg
mg/kg
mg/kg

mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

Percent
mg/kg
mg/kg
mg/kg
Percent

mg/kg
mg/kg
mg/kg
mg/kg
mg/kg

mg/kg
Percent
Percent
mg/kg
mg/kg

mg/kg
Percent
mg/kg
Percent
mg/kg

mg/kg
mg/kg
Percent
mg/kg
mg/kg

mg/kg
mg/kg
mg/kg
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Supplement 2. Methods of analysis and minimum reporting levels for extracts from a 1:5 soil-to-water extraction 
conducted on soil samples
[ICAP/OES, inductively-coupled argon plasma/optical emission spectroscopy; mg/kg, milligrams per kilogram; HG/AAS, hydride 
generation/atomic absorption spectroscopy; |ig/kg, micrograms per kilogram]

Constituent Method of analysis Minimum reporting 
Ijvel Unit of measure

Aluminum
Antimony
Arsenic
Barium
Beryllium

Bismuth
Boron
Cadmium
Calcium
Cerium

Chromium
Cobalt
Copper
Iron
Lanthanum

Lead
Lithium
Magnesium
Manganese
Molybdenum

Nickel
Phosphorus
Potassium
Selenium
Silicon

Silver
Sodium
Strontium
Thorium
Tin

Titanium
Vanadium
Wolfram
Yttrium
Zinc

Zirconium

ICAP/OES
ICAP/OES
HG/AAS
ICAP/OES
ICAP/OES

ICAP/OES 
ICAP/OES 
ICAP/OES 
ICAP/OES 
ICAP/OES

ICAP/OES 
ICAP/OES 
ICAP/OES 
ICAP/OES 
ICAP/OES

ICAP/OES 
ICAP/OES 
ICAP/OES 
ICAP/OES 
ICAP/OES

ICAP/OES
ICAP/OES
ICAP/OES
HG/AAS
ICAP/OES

ICAP/OES 
ICAP/OES 
ICAP/OES 
ICAP/OES 
ICAP/OES

ICAP/OES 
ICAP/OES 
ICAP/OES 
ICAP/OES 
ICAP/OES

ICAP/OES

.5 

.2 
I 
.4

.1 

.1 

.1

.2

i -4
.2 

1
.4 
.2

.2
5
1
1

10

.2 
I
.2 
.4 
.5

.2 

.5 

.2 

.2

.2

mg/kg 
mg/kg

mg/kg 
mg/kg

mg/kg 
mg/kg 
mg/kg 
mg/kg 
mg/kg

mg/kg 
mg/kg 
mg/kg 
mg/kg 
mg/kg

mg/kg 
mg/kg 
mg/kg 
mg/kg 
mg/kg

mg/kg 
mg/kg 
mg/kg

mg/kg

mg/kg 
mg/kg 
mg/kg 
mg/kg 
mg/kg

mg/kg 
mg/kg 
mg/kg 
mg/kg 
mg/kg

mg/kg
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Supplement 3. Methods of analysis and minimum reporting levels for water samples

[AA, atomic absorption; mg/L, milligrams per liter; 1C, ion-exchange chromatography; MB.ASF, molybdate blue, automated-segmented flow, 
colorimetric; D.ASF, diazotization, automated-segmented flow, colorimetric; CRD.ASF, cadmium reduction, diazotization, automated-segmented 
flow, colorimetric; SH.ASF, salicylate-hypochloric, automated-segmented flow, colorimetric; PPMB.ASF, phosphomolybdate, automated- 
segmented flow, colorimetric; AA,H, atomic absorption, hydride; |Jg/L, micrograms per liter, DCP, direct-current plasma; CVAA, cold vapor 
atomic absorption spectroscopy; GFAA, graphite furnace atomic adsorption; WO, wet oxidation]

Constituent Method of analysis Minimum reporting 
level

Calcium, dissolved
Magnesium, dissolved
Sodium, dissolved
Potassium, dissolved
Sulfate, dissolved

AA
AA
AA
AA
1C

0.1 mg/L
0.1 mg/L
0.1 mg/L
0.1 mg/L
0.1 mg/L

Chloride, dissolved
Fluoride, dissolved
Silica, dissolved
Nitrite, dissolved
Nitrite plus nitrate, dissolved

Ammonia, dissolved 
Orthophosphorus, dissolved 
Arsenic, dissolved 
Boron, dissolved 
Iron, dissolved

Lithium, dissolved 
Manganese, dissolved 
Mercury, dissolved 
Molybdenum, dissolved 
Selenium, dissolved

Strontium, dissolved 
Organic carbon, dissolved

1C
1C
MB.ASF
D.ASF
CRD.ASF

SH.ASF
PPMB.ASF
AA,H
DCP
AA

AA
AA
CVAA
GFAA
AA.H

AA 
WO

Img/L
0.1 mg/L
0.1 mg/L

0.001 mg/L as N
0.01 mg/L as N

0.01 mg/L as N 
0.01 mg/L as P

10ng/L 
3 ng/L as Fe

10ng/L 
10ng/L 
0.1 ng/L 
lug/L 
lug/L

10ug/L 
0.1 mg/L
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Supplement 6. Results of analysis of variance on ranked soils data for the Turtle Lake irrigation area

[Null hypothesis A, the median constituent concentrations in each soil horizon are equ;d 
in each soil series are equal; null hypothesis C,. the median constituent concentrations in each soil horizon within each soil

1; nidi hypothesis B, the median constituent concentrations
series are equal]
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Supplement 9. Results of Wilcoxon's rank sum tests between the shallow and deep parts of the aquifer underlying the 
Turtle Lake irrigation area j

[Null hypothesis: the median constituent concentrations for the shallow and deep wellp are equal]
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Supplement 12. Results of analysis of variance on ranked soils data for the New Rockford irrigation area
[Null hypothesis A, the median constituent concentrations in each soil horizon are equal; null hypothesis B, the median constituent concentrations 
in each soil series are equal; null hypothesis C, the median constituent concentrations in each soil horizon within each soil series are equal]
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Supplement 15. Results of Wilcoxon's rank sum tests between the shallow and deep parts of the aquifer underlying 
the New Rockford irrigation area

[Null hypothesis: the median constituent concentrations for the shallow and deep wells are equal]

Constituent Acceptance or rejection of null hypothesis

Specific conductance
pH
Temperature, water
Oxygen, dissolved
Calcium, dissolved

Magnesium, dissolved 
Sodium, dissolved 
Potassium, dissolved 
Bicarbonate, dissolved 
Sulfate, dissolved

Chloride, dissolved
Fluoride, dissolved
Silica, dissolved
Nitrite, dissolved
Nitrite plus nitrate, dissolved

Ammonia, dissolved 
Orthophosphorus, dissolved 
Arsenic, dissolved 
Boron, dissolved 
Iron, dissolved

Lithium, dissolved 
Manganese, dissolved 
Mercury, dissolved 
Molybdenum, dissolved 
Selenium, dissolved

Strontium, dissolved 
Organic carbon, dissolved

Accept
Accept
Accept
REJECT
REJECT

REJECT
Accept 
Accept 
Accept 
Accept

Accept
Accept
Accept
REJECT
REJECT

REJECT
Accept 
REJECT 
Accept 
REJECT

Accept 
Accept 
Accept 
Accept 
REJECT

Accept 
Accept
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